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(57)  The invention relates to a method for determin-
ing the visibility of objects in a field of view of a driver of
a vehicle, in which an image is captured by means of a
camera and a contrast sensitivity function (16) describing
the human visual system is simulated by image process-
ing of the image captured by the camera. The contrast
sensitivity function (16) indicates threshold values of a
contrast perceptible by the human visual system in de-
pendency of frequencies (52, 60). A particular frequency
(52, 60) indicates a number of alternations of light and
dark areas per angle unit of the field of view. The contract
sensitivity function (16) is approximated by applying a
plurality of differences of filters (56) to the image captured

by the camera, wherein the differences of filters (56) are
each attributed to different frequencies (52, 60) of the
contrast sensitivity function (16). A frequency (52) of the
contrast sensitivity function (16) corresponding to a max-
imum of the contrast sensitivity function (16) is deter-
mined. A first of the differences of filters (56) is deter-
mined depending on the frequency (52) corresponding
to the maximum. In dependence on at least said first dif-
ference of filters (56) the visibility of an object in the field
of view of the driver is determined. The invention further
relates to a driver assistance system and a motor vehicle
with a driver assistance system.
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Description

[0001] The invention relates to a method for determining the visibility of objects in a field of view of a driver of a vehicle.
An image is captured by means of a camera. By image processing of the image captured by the camera a contrast
sensitivity function describing the human visual system is simulated. The contrast sensitivity function indicates threshold
values of a contrast perceptible by the human visual system as a function of frequencies. Each frequency indicates a
number of alternations of bright and dark areas, wherein the number is related to an angle unit of the field of view. The
contrast sensitivity function is approximated by the application of a plurality of differences of filters to the image captured
by the camera. The differences of filters are respectively assigned to different frequencies of the contrast sensitivity
function. The invention further relates to a driver assistance system configured to perform the method and to a motor
vehicle with such a driver assistance system.

[0002] Driver assistance systems for motor vehicles are already known from the prior art in various configuration. So-
called advanced driver assistance systems (ADAS) use a camera as a sensor. Such a sensor is able to detect sources
of danger in front of the own vehicle and from this to estimate a "time to collision" (TTC). However, it poses a problem
to adapt such a detection of hazards by means of a camera in such a way that the visibility of the hazard is consistent
with its actual perceptibility by the driver.

[0003] The document DE 42 01 970 A1 describes a system with an infrared sensor, in which the driver-perceived
visibility of objects is taken into account as a function of weather conditions.

[0004] The document DE 10 201 105 074 A1 describes a combination of a camera with a radar sensor, by means of
which a visibility range is determined, wherein contrast dimensions are taken into account.

[0005] However, it is desirable to determine the visibility of objects in the field of view of the driver as it corresponds
to the actual perceptibility by the driver with his visual system, by subjecting the image captured by the camera to image
processing. Thus, no additional sensor needs to be provided for determining visibility; instead, merely the already existing
camera needs to be resorted to,

[0006] Inthe documentJoulan, K. et al "Contrast Sensitivity Functions for Road Visibility Estimation on Digital Images",
IFSTTAR, Paris, France, a method is described in which, by image processing of an image captured by a camera, a
contrast sensitivity function (CSF) is simulated, which describes the human visual system. The processing of the image
captured by the camera makes it possible - through the use of said camera - to estimate the visibility of objects in road
traffic as it appears to the driver. Here, the sensitivity of the human eye is taken into account with respect to the contrast.
In this manner, an impression can be obtained of which objects in the image are visible for the driver's eyes and which
are not.

[0007] The contrast sensitivity of the human eye is determined by the response of retinal cells to light beams which
penetrate into the visual system. These retinal cells have different receptor fields which allow us to cover a wide range
of object sizes. A contrast sensitivity function simulating the behaviour of the retinal cells describes the response of the
human visual system as a function of the frequency of the visual signal. Such contrast sensitivity functions are determined
from experimental data which are obtained in a laboratory. A threshold value of a contrast corresponds to each frequency,
above which an alternation of light and dark areas is no longer visible to the human eye. These spatial frequencies are
expressed in a number of so-called cycles or alternations per degree of the visual angle, wherein a cycle indicates the
alternation of a bright and dark area in the form of a black stripe and a white stripe in a grid.

[0008] In the method, which is described in the document Joulan, K. et al "Contrast Sensitivity Functions for Road
Visibility Estimation on Digital Images", IFSTTAR, Paris, France, a contrast sensitivity function is modelled using a set
of differences of Gaussians. The individual differences of Gaussians are here related to individual frequencies of the
contrast sensitivity function to be modelled. To approximate the contrast sensitivity function, a sum of weighted differences
of Gaussians is formed, wherein the individual differences of Gaussians are applied to the image captured by the camera.
As aresult, a map of edges of objects on the street, i.e. in the field of view of the driver, is obtained. The visibility of the
edges corresponds to what is actually perceptible by the human viewer. The differences of Gaussians related to a
particular frequency of the contrast sensitivity function are obtained by applying a first Gaussian filter with a certain width
of the Gaussian curve to the image captured by the camera and subsequently a second Gaussian filter with a second
width of the Gaussian curve different from the first. These two Gaussian filters are subtracted from each other to obtain
a difference of Gaussians.

[0009] Itis the object of the present invention to provide a method of the initially mentioned type, a driver assistance
system configured to perform the method and a motor vehicle, with which the visibility of objects in the field of view of
the driver is enabled by means of image processing of the image captured by the camera in a particularly simple and
reliable manner.

[0010] This object is solved by a method having the features of claim 1, by a driver assistance system having the
features of claim 14, and by a motor vehicle having the features of claim 15. Advantageous embodiments with convenient
further developments of the invention are specified in the dependent claims.

[0011] In the method according to the invention, a frequency of the contrast sensitivity function is determined, which
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corresponds to a maximum of the contrast sensitivity function. A first difference of filters is determined in dependence
on the frequency corresponding to the maximum. Depending on at least said first difference of filters the visibility of an
object in the field of view of the driver is determined. This allows for a particularly reliable approximation of the contrast
sensitivity function. Thus, the visibility of objects in the field of view of the driver is determined in a particularly simple
manner as it is consistent with the human visual system.

[0012] Preferably, the contrast sensitivity function is approximated using a plurality of differences of Gaussians on the
image captured by the camera. The Gaussian filter is, after all, an image processing filter which is particularly easy to
implement in integrated circuits, for example in a field programmable gate array (FPGA). This filter can thus be easily
used in an embedded chip so as to assess the visibility of objects in real time.

[0013] Moreover, through the use of differences of Gaussians the response of retinal cells can be modelled especially
well, wherein each of the two Gaussian filters represents the response of a centre and of a peripheral region of the
individual retinal cell. Indeed, each of these areas of the retinal cell responds to a light stimulus, but in an antagonistic
way. Thus, to obtain the total response of the retinal cell, a modelling of the same by differences of Gaussians seems
appropriate, wherein the individual cells of the retina are approximated by a respective linear model in the form of the
differences of Gaussians.

[0014] To determine from the frequency of the contrast sensitivity function the width of the individual Gaussian filters
which are used to form the differences of Gaussians, first of all the frequency f of the contrast sensitivity function expressed
in cycles per degree (cpd) is expressed in cycles per pixel (cpp). This can be done according to the formula:

f — f cpd s mﬁuvppr
opp

'F MdAxepd

wherein f.,, is the frequency in cycles per pixel, f.,4 the frequency in cycles per degree and Fyaycop @nd Fyaxcpg the
maximum number of cycles per pixel and per degree, respectively. Here, PMAXCpp = 0.5, since a cycle expressed in
pixels comprises at least two pixels, namely an alternation or sequence comprising one black pixel and one white pixel.

[0015] A width s, of the first Gaussian filter can be determined using the following formula:

)

expressed in cpd or cpp depending if fcpd or fCpp is used
[0016] The width of the second Gaussian filter S, is then determined depending on the width s of the first Gaussian
filter, for example according to the following formula:

s, = Ks,,

wherein K is a constant. The variables s; and s, here indicate the width of the Gaussian curve of the individual Gaussian
filter at half of its height.

[0017] The two Gaussian filters which are used to form a particular difference of Gaussians are preferably determined
according to the formula:

¥ «

G, = e“(‘s’“zfz )

[0018] The difference between the two resulting Gaussian filters of the widths s4 and s, respectively then represents
the first difference of Gaussians.

[0019] Preferably, the first difference of filters is weighted in order to approximate the contrast sensitivity function in
the region of the maximum. Thus, it can be ensured that by means of the first difference of filters the contrast sensitivity
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function is approximated particularly well.
[0020] In weighting, in particular the maximum of the contrast sensitivity function and a maximum of the first difference
of filters can be taken into account. This can, for example, be performed according to the following formula:

Max(CSF(f )
' Max(DoG, (1))

W

wherein Max(CSF(f)) is the maximum of the contrast sensitivity function and Max(DoG(f)) the maximum of the difference
of filters, in particular of the difference of Gaussians, in the region of this frequency. The factor w, is then the weighting
factor used for approximating the contrast sensitivity function.

[0021] It has further turned out to be advantageous, if a rest of the contrast sensitivity function is determined by
subtracting the weighted filter difference from the contrast sensitivity function. Then a further frequency of the contrast
sensitivity function corresponding to a maximum of the rest is determined and a further one of the filter differences is
determined depending on said further frequency. By repeating this process, enough further frequencies can be obtained,
which approximate the contrast sensitivity function over a relevant frequency range.

[0022] Preferably, also the at least one further difference of filters is weighted in order to approximate the contrast
sensitivity function in the region of the maximum of the rest. Then the difference of filters corresponds to the rest of the
contrast sensitivity function to an especially large extent.

[0023] Preferably, here the maximum of the rest and a maximum of the further difference of filters are taken into
account. This can, for example, be carried out according to the formula:

N Max(residusi_‘ (fim ))
% MalDoG(f,,,)

[0024] Here, Max(residus; 4 (finax)) i the maximum of the rest of the contrast sensitivity function and Max(DoG;(f;,ax)
the maximum of the further difference of filters, in particular of the difference of Gaussians. And the resulting value w;
is the corresponding weighting factor.

[0025] Itis moreover advantageous ifthe contrast sensitivity function is approximated by applying a sum of the weighted
filter differences to the image captured by the camera. Indeed, such a sum of filter differences, in particular of differences
of Gaussians, allows for a particularly realistic reproduction of the contrast sensitivity function and thus to deduct the
visibility or perceptibility of objects from the image captured by the camera in accordance with the visual perception of
the driver. In particular, the contrast sensitivity function can be approximated by a sum of weighted differences of

Gaussians according to the following formula:

v |6, -6, ]
SDQG:ZW,,—————-WH 7 =,
=l Ji

wherein w; describes the individual weighting factors as defined above and Ggy;, G4y, the individual Gaussian filters with
the widths s, s, at half the height of the respective Gaussian curve.

[0026] Preferably, in the resulting image obtained by applying the sum of weighted filter differences to the image
captured by the camera, visibility levels are determined. To this end, a gradient of the contrast per pixel of the resulting
image relative to adjacent pixels is determined. Moreover, in determining the visibility levels an angle of view of the
camera is taken into account. Here, the value of the gradient of the pixels is converted in particular into angle units of
the angle of view.
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[0027] The gradient in the pixels of the resulting image provides information about the presence of a sudden change
of contrast. In fact, the greater the "slope" of grey values is to adjacent pixels, the more important is the change of
contrast between two pixels. For example, to calculate the gradientin a pixel, the respective gradient can be determined
in the horizontal direction and in the vertical direction relative to the pixel in the resulting image, i.e. in four directions.
From these two gradients the Euclidean norm can then be determined, for example in accordance with:

¥ o

wherein 6x and 6y specify the respective difference in contrast in the horizontal direction (x) and the vertical direction
(y)- However, other norms may be used as well, for example the absolute norm or the Mahalanobis norm. Also, the
connections to eight adjacent pixels can be taken into account.

[0028] The visibility of objects results from the response of a plurality of retinal cells with regard to the perception of
contrasts as a function of the size of their receptor fields. A visibility level in a pixel can therefore be calculated as the
sum of the responses of the respective filters, in particular Gaussian filters, which simulate the response of these retinal
cells. Correspondingly, each value of the gradient of the pixels is related to the angle of view. This can be done according
to the formula:

oon

N, 'IV,‘,‘,-
Vij — AMAX
Oy ) 27

[0029] Here, VL;; specifies the visibility level per pixel in a 2d space, Nyax the maximum number of pixels in the
horizontal direction of the image captured by the camera, and 6,yax the angle of view of the camera in the horizontal
direction. As a result, visibility levels are obtained for each pixel of the resulting image.

[0030] Preferably, in the resulting image obtained using the visibility level per pixels from the image captured by the
camera, contours and/or image points obtained by means of, for example scale-invariant feature transform (SIFT), are
determined as image features. By determining such distinctive image features in the resulting image, no speculations
about the geometric nature of the objects in the image need to be made. Such distinctive features in the resulting image
are sufficiently significant to be perceived by the human eye.

[0031] To detect contours in the resulting image, the non-suppression of Canny algorithm or another method for edge
selection can be used, for instance. A pixel is considered a contour in this case, if its gradient is greater than or equal
to the two interpolated values between two directions, in which the gradient was determined. Besides, its visibility level
has to be greater than a predetermined threshold.

[0032] A further possibility of identifying significant image features is scale-invariant feature transform (SIFT), which
is, for example, described in document US 6,711,293 B1. The points obtained by scale-invariant feature transform, which
are also referred to as SIFT points, are interesting in that they are especially robust with respect to a change of scale,
to rotations and to changes of intensity.

[0033] It has proven to be further advantageous, if by using the scale-invariant feature transform a pyramid of filter
differences is created. Filter differences which are related to a respective pyramid level of the pyramid each correspond
with different frequencies of the contrast sensitivity function. These different frequencies are defined as terms of a
geometric sequence. Thus, a filter pyramid is created that takes into account the contrast sensitivity function. By deter-
mining the frequencies as terms of a geometric sequence, the individual pyramid levels of the filter pyramid are particularly
easy to determine.

[0034] Preferably, in each pyramid level local maxima of visibility levels of individual pixels are determined relative to
pixels adjacent to the individual pixel. This ensures that the visibility levels have an influence on the image features to
be selected according to the SIFT method.

[0035] In particular, the pixels adjacent within the pyramid level in which the individual pixel under consideration is
located, pixels adjacent within at least one neighbouring pyramid level and the visible level of the individual pixel under
consideration can be considered, in order to determine the local maxima of the visibility levels. For example, 27 pixels
may be taken into consideration, i.e. for each pixel its eight neighbours in the same pyramid level and nine neighbouring
pixels each in the pyramid level above and below. A pixel is then classified as a SIFT point, if it is at all visible and if its
visibility level is greater than that of the neighbouring pixels. Moreover, each visible level is ranked from the lower to the
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greater visibility value. The visibility value of the individual pixel under consideration has to be between the first and the
half index in this ranking in order to be considered as a SIFT point.

[0036] Furthermore, within a pyramid level a total level of visibility can be determined. Thus, the contribution to visibility
of each retinal cell can be determined and assigned to the SIFT point selected.

[0037] It has further turned out to be advantageous, if visibility levels are assigned to the pixels obtained by scale-
invariant feature transform, in the determining of which a gradient of a contrast in a respective pixel of the image obtained
by applying the filter differences to the image captured by the camera relative to adjacent pixels is taken into account.
Moreover, in determining the visibility levels an angle of view of the camera is taken into consideration. Thus, objects
perceptible by the driver are obtained in the form of image features, with which individual visibility levels are associated.
The visibility levels take into account the contrast sensitivity of the human visual system.

[0038] Itis also advantageous, if in a resulting image which is obtained by applying the filter differences to the image
captured by the camera, visibility levels of the pixels are determined dependent on a specific contrast sensitivity function
indicating a typified visual perception of the driver. Thus, it can be taken into account if mesopic or scotopic vision is to
be described by the contrast sensitivity function. Alternatively, the perception of objects as it changes with a driver’s age
and ocular’s diseases and they can be taken into account by predetermining a typified contrast sensitivity function. Usual
contrast sensitivity functions are built starting from experimental data elaborated with a detection threshold of 50 per
cent. Other threshold values can possibly be chosen like 90 per cent (i.e. 9 of 10 detections are visible) to better reflect
driving situations. This makes it possible to adapt the contrast sensitivity function to the specific application of driving
the vehicle.

[0039] Finally, it has proved advantageous if, in dependence on the visibility of the objects in the field of vision of the
driver, a reaction time of the driver is determined and in dependence on the determined reaction time at least one
functional unit of the vehicle is operated. This is based on the finding that the reaction time depends on the visibility of
objects, wherein the reaction time increases if their visibility is poor. Thus, in case of a very short reaction time of the
driver, i.e. in case of good visibility, it can be sufficient simply to improve the illumination of the road scene by increasing
illumination power coming from the vehicle (within tolerable limits) instead of directly intervening in the driving behaviour
of the vehicle. Additionally or alternatively, visibility can be improved by altering the intensity of a wiping movement of
wiper blades, if due to the visibility of the objects per se the driver can react comparatively fast. It can also be sufficient
to provide the driver with information about a threatening collision with an object, in particular with another motor vehicle.
If the reaction time is comparatively short, the driver can then react autonomously to the presence of objects in his field
of vision.

[0040] If, on the other hand, the driver requires a greater reaction time, driver assistance systems can be activated.
Thus, for example, preparations can be made for automatic emergency braking or an automatic collision avoidance
manoeuvre. Accompanying warning information can be communicated to the driver.

[0041] If the driver requires an especially long reaction time due to a particularly poor visibility of objects, the vehicle
can autonomously initiate emergency braking or a collision avoidance manoeuvre by performing the appropriate braking
interventions and/or steering interventions by means of a driver assistance system

[0042] The driver assistance system for a vehicle according to the invention is configured to perform the method
according to the invention. Accordingly, it comprises at least one camera configured to capture images which overlap
at least partially with a field of view of the driver. The driver assistance system further comprises an image processing
device configured to process the image captured by the camera. In the image processing device at least one contrast
sensitivity function is stored, which can be simulated by applying differences of filters, in particular differences of Gaus-
sians, to the image captured by the camera. The corresponding filtering of the image captured by the camera as well
as the assignment of the differences of filters to different frequencies of the contrast sensitivity function is executed by
the image processing device of the driver assistance system. With such a driver assistance system the visibility of objects
in the field of view of the driver can be determined in a particularly simple and reliable manner.

[0043] The motor vehicle according to the invention comprises a driver assistance system according to the invention.
The advantages and preferred embodiments described with respect to the method according to the invention also apply
to the driver assistance system according to the invention and to the motor vehicle according to the invention and vice
versa.

[0044] The features and feature combinations previously mentioned in the description and the features and feature
combinations mentioned below in the description of the figures and/or shown in the figures alone are usable not only in
the respectively specified combination, but also in other combinations or else alone, without leaving the scope of the
invention.

[0045] Further advantages, features and details of the invention are apparent from the claims, the following description
of preferred embodiments as well as from the figures. Therein show:

Fig. 1 a flow chart illustrating a method of image processing, in which a contrast sensitivity function is approximated
in order to deduce the visibility of objects in a field of view of a driver from an image captured by a camera
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oaf a vehicle;
Fig. 2 an alteration of black and white stripes as they are used in determining a contrast sensitivity function;
Fig. 3 a part of the flow chart according to fig. 1, wherein individual steps in this part are detailed;

Fig. 4 highly schematized, the camera configured to capture the image in the driver’s field of vision, its angle of view
and the width of an image sensor of the camera in a horizontal direction;

Fig. 5 a contrast sensitivity function and a first difference of Gaussians assigned to a frequency at which the contrast
sensitivity function has a maximum;

Fig. 6 the approximation of the contrast sensitivity function using the difference of Gaussians by weighting the same
as well as the determination of a rest of the contrast sensitivity function;

Fig. 7 a flow chart illustrating the determining further differences of Gaussians, taking into account the respectively
determined rests of the contrast sensitivity function;

Fig. 8 the contrast sensitivity function approximated by a plurality of weighted differences of Gaussians;
Fig. 9 two graphs illustrating the use of integral images;
Fig. 10  a further part of the flow chart according to fig. 1, wherein individual steps in this part are detailed; and

Fig. 11 a graph for illustrating the detection of contours in the image obtained by applying a sum of differences of
Gaussians to the image captured by the camera.

[0046] Referring to Fig. 1 a method is illustrated, according to which by means of processing an image obtained by a
camera positioned in a vehicle the visibility of objects in this image is inferred. A contrast sensitivity function (CSF) is
here taken into account, which indicates the threshold values of a contrast perceptible by the human visual system.
[0047] In a first step 10, an image 48 is captured (cf. fig. 3) by means of the camera 12 (cf. fig. 4) which is part of a
driver assistance system of the vehicle. In a next step 14, the application of a contrast sensitivity function 16 to the image
48 captured by the camera 12 is performed. The contrast sensitivity function 16 (cf. fig. 5) is a function which describes
the human visual system. In order to determine the contrast sensitivity function 16, experimental data are obtained. For
this purpose, test persons have to indicate at which threshold of a contrast a grid is no longer visible for the test person.
[0048] In fig. 2, such a grid 18 is illustrated, which comprises alternations or cycles 20 of alternating bright and dark
areas in the form of black bands 22 and white bands 24.

[0049] In fig. 5, the contrast sensitivity function 16 is illustrated as a curve in a logarithmic coordinate system, in which
frequencies are plotted on an abscissa 26. These spatial frequencies are expressed as the number of cycles 20 per
degree of the visual angle, i.e. in cycles per degree (cpd). On an ordinate 28 in the coordinate system in fig. 5 the
reciprocal value of the threshold of the contrast is indicated.

[0050] The contrast sensitivity function 16 is thus represented by a curve, which indicates threshold values of the
contrast of the human visual system in dependence on cycles 20 per frequency the latter being expressed in degrees
of the visual angle. Accordingly, at high frequencies the perceptibility of details of an object decreases. On the other
hand, low frequencies indicate the silhouette of the object.

[0051] By applying a sum of weighted differences of Gaussians to the image 48 captured by the camera 12, the
contrast sensitivity function 16 which describes the human visual system, is approximated. An image 78 (see fig. 3)
resulting from this processing is further processed in a next step 30 fig. 1). This is done with the aim of identifying
distinctive image features in the image 78 processed in accordance with the contrast sensitivity function 16. In step 30
visibility levels are assigned to these image features. In a subsequent query 32 it is determined, whether the identified
visibility levels are greater than a predetermined threshold. If such is the case, a map 34 is obtained as an output, in
which the image features with visibility levels above the threshold are indicated. This map 34 is then used in a subsequent
step 36 to e.g. operate functional units of the vehicle in dependence on the visibility of the objects in the field of view of
the driver and thus to prevent a collision of the vehicle with objects, i.e. with other vehicles.

[0052] The method, accordingly, takes into account the sensitivity of the human eye with regard to contrast by taking
into account a model of the human visual system, namely the contrast sensitivity function 16, in the processing of the
image 48 captured by the camera 12.

[0053] The aim in step 14 of fig. 1 is thus to apply the contrast sensitivity function 16 to the image 48 captured by the
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camera 12 such that objects in the road scene are identified, which have a contrast great enough to be perceived by
the human visual system. In other words, the image 48 captured by the camera 2 is filtered by means of a contrast
sensitivity function 16, by applying the contrast sensitivity function 16 to each picture element or pixel of the image 48.
There are different contrast sensitivity functions which can be used here. There are, for example, chromatic contrast
sensitivity functions, achromatic contrast sensitivity functions or contrast sensitivity functions which take into account
the age of the observer of a scene such as the traffic situation.

[0054] However, an image sensor 38 (cf. fig. 3) of the camera 12 does not necessarily have the same bandwidth of
frequencies which are covered by the contrast sensitivity function 16. Thus, presently the contrast sensitivity function
16 is parameterised, namely dependent on the image sensor 38 of the camera 12.

[0055] The contrast sensitivity function 16 expresses interdependencies in the frequency domain. By contrast, the
image 48 captured by the camera 2 is situated in the spatial domain. In order to apply the contrast sensitivity function
16 to the image 48, it is thus envisaged to use a common reference system, either a frequency-based or a spatial one.
However, the contrast sensitivity function can be also applied as wavelet function on the the image 48 captured by the
camera 12.

[0056] The contrast sensitivity function 16 can here be synthesized as a spatial filter by applying it to the image 48
captured by the camera 12. However, the image 48 can also be transferred into the frequency domain, e.g. by discrete
Fourier transform. Subsequently, the contrast sensitivity function 16 can be applied to this image. Itis presently preferred
to approximate the contrast sensitivity function 16 by means of spatial filters, namely differences of Gaussians. Gaussian
filters and differences of Gaussians being linear functions are indeed particularly easy to use and to implement by means
of standard chips within e.g. some Electronic control unit.

[0057] The taking into account of the properties of the image sensor 38 of the camera 12 is illustrated with reference
to fig. 3. First of all, the image sensor 38 is calibrated 40. In this calibration and normalisation the luminance is taken
into consideration. The image sensor 38 of the camera receives information derived from a photometric signal from the
road scene and transforms this information into the image 48 by the step 40 of the fig. 3. First, the information from the
image sensor 38 is linearised and normalised in order to obtain the image 48. There are various ways of linearising the
input signal, which, however, will not be detailed here. The visibility of an object depends to a particularly large extent
on the brightness or luminance, to which the human eye is adapted. This brightness is presently taken into consideration
in the image processing. Also, a normalisation is performed and the input image is linearised with regard to the average
brightness of the image according to the formula:

1'(i, )
1 Nosorw Noyror L
Z[ (z, j) ,

N WAXN sy ¥=0  j=0

16, j)=

wherein | specifies the brightness per pixel in the image 48, N, \yax the number of pixels of the image 48 captured by
the camera 12 in a horizontal direction and N,,ax the number of pixels of the captured image 48 in a vertical direction.
[0058] In a further step 42 the properties of the image sensor 38 are taken into consideration. Experiments carried
out in a laboratory in order to establish contrast sensitivity functions 16 show that the maximum frequency at which the
human eye is still able to perceive small objects is at about 35 cpd on average. In order to determine a maximum and
a minimum resolution in cpd of the image sensor 38, the angle of view 8,,,,ax of the camera 12 is taken into consideration
in dependence on the focal length f of the objective of the camera 12 and on the size d,, of the image sensor 38 in
millimetres (see fig. 4) according to the formula:

d
Oy = 2arctan Ei

I

[0059] The maximum horizontal dimension d,,,,,, Of the image sensor 38 corresponds to the maximum number Ny ax
of pixels in a horizontal direction of the image 48 captured by the camera 12. The size d, of a pixel (in millimetres) is
then obtained in accordance with:
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d = dypax

b2
IMAX

[0060] Considering that a cycle 20 extends over two pixels, i.e. the alternation of a black stripe 22 and a white stripe

24 (cf. fig. 2), the minimum resolution rc,,i,,q of the camera 12 can then be determined according to the following ratio:

1

Y€ winepa = p;
RMAY

[0061] The maximum resolution rcy,,,cpq Of the camera 12 can be determined according to the following ratio:

N AMAY
RMIAX

F cmaxcpd = 2

[0062] For explanatory purposes, reference is made to fig. 4, according to which an object 44 is captured under the
maximum angle of view 6,y ax and reproduced on the image sensor 38 with the maximum width h, ...

[0063] This resolution of the camera 12 strictly applies only if the phenomenon of tight diffraction is ignored, since the
latter causes a defocusing of the light rays on the image sensor 38 and leads to the reproduction of a stain rather than
a well-defined point in the image 48 outputted by the camera 12. At a given wavelength 2, for instance A=550nm, a
diameter ¢ of such a stain is proportional to the aperture number N of the lens aperture of the camera 12 in accordance with:

o=244 AN.

[0064] In such a case, the diameter a of the stain is taken into account rather than the size d,, of a pixel in order to
determine the maximum resolution rcya,¢pq Of the image sensor 38 in accordance with:

rc — d!z&f.»ﬂ'
maxepd Y,

hbAX

[0065] After the properties of the image sensor 38 have thus been taken into account, in a step 46 (cf. fig. 3) the
approximation of the contrast sensitivity function 16 is performed. For this purpose, the image 48 is captured with the
photometrically calibrated camera 12 and processed in a further step 50, in which the contrast sensitivity function 16
approximated by a sum of differences of Gaussians is applied to the image 48. First, however, the method which mimics
the contrast sensitivity function 16 according to step 46 in fig. 3 is to be explained.

[0066] In step 46 a plurality of Gaussian filters are used, which are grouped into pairs of differences of Gaussians
DoG. From these differences of Gaussians DoG a sum SDoG is formed, which is the sum of the individual differences
of Gaussians DoG in accordance with:

SDOG =3 DoG,

=1
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[0067] This sum filter SDoG describes a behaviour which comes very close to the response of the retinal cells of the
human eye, which are responsible for contrast perception. A respective Gaussian filter which is applied to the image 48
is characterized by its width s halfway up the Gaussian curve. In order to obtain a difference of Gaussians DoG, two
Gaussian filters with differing widths S4, S, are subtracted from each other.

[0068] Anydesired contrast sensitivity functions 16 can be approximated by such a plurality of differences of Gaussians
DoG. To accomplish this, the mechanism of certain retinal cells, which are sensitive with regard to a change of contrast
in the observed scene, is taken into account, The theories concerning the human visual system suggest that the contrast
sensitivity function 16 is not the response of a single individual retinal cell, but of a plurality of cells with differing sizes
of a respective receptor field of said cells. These receptor fields are sensitive with regard to the silhouette of an object
or to its details. The retinal cells are presently approximated by a linear model, i.e. by the differences of Gaussians DoG.
Each single Gaussian filter of a difference of Gaussians DoG represents the response of one of the two regions of a
retinal cell, namely of a centre and a periphery. The total response of a retinal cell is modelled by a respective difference
of Gaussians DoG. In order to simulate the response of a plurality of retinal cells, the sum SDoG of the differences of
Gaussians is used.

[0069] The two Gaussian filters of a difference of Gaussians DoG are assigned to a frequency f.,4 of the contrast
sensitivity functions 16, which in this case is less than the maximum resolution rcp a4 Of the image sensor 38. This
frequency fde is converted into the unit cpp (cycles per pixel) according to the following formula:

f _ ﬁfm} x F, MdAxepp
epp F '

Mitvepd

wherein fCpp denotes the frequency in cycles 20 (cf. fig. 2) per pixel, fde the frequency in cycles 20 per degree and
Fumaxcpp @Nd Fyaxcpd the maximum number of cycles 20 per pixel and per degree, respectively. Fya,cpp = 0,5, since a
cycle expressed in pixels comprises at least two pixels.

[0070] Theindividual widths S, S, of the two Gaussian filters used to establish the respective difference of Gaussians
DoG are determined according to the following equations:

5=l (éﬂ_@]

2

and

s, = K,

’

wherein K is a constant. It should be noted that the individual width S;, S, is less than the resolution of the image 48.
[0071] Itis illustrated in fig. 5 and fig. 6 how the frequencies are determined, to which the respective differences of
Gaussians DoG correspond, which are used to approximate the contrast sensitivity function 16.

[0072] In a first step a first frequency 52 of the contrast sensitivity function 16 is determined, at which the contrast
sensitivity function 16 has a maximum. This frequency 52, which is expressed in cpd, is converted into the unit cpp as
described above. Then the individual widths S, S, of the first Gaussian filters are determined as previously described.
Based on the respective widths S, S, the two Gaussian filters of the first difference of Gaussians DoG are determined
in accordance with:

G, =t

i B

wherein Gi is the individual Gaussian filter. The difference between these two Gaussian filters G4, G, then determines
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the first difference of Gaussians DoG;. In order to approximate the value of the contrast sensitivity function 16 at the
first frequency 52 with the maximum of the first difference of Gaussians DoG, said first difference of Gaussians DoG,
which is denoted by the reference sign 54 in fig. 5, is weighted by the factor W4, which is determined as follows:

_ MaxlcsF(f )
"= Max{DoG (1))

wherein Max(CSF(f)) is the maximum of the contrast sensitivity function 16 at the frequency 52 and Max(DoG,(f)) the
maximum of the difference of Gaussians 54 in the range of this frequency 52. The factor W, is then the weighting factor
used to approximate the contrast sensitivity function 16 in the range of the first frequency 52.

[0073] By weighting the first difference of Gaussians 54 with the factor W, a weighted first difference of Gaussians 56
comes to lie on the contrast sensitivity function 16 in the range of the frequency 52 (cf. fig. 5 and fig. 6),

[0074] Atfter this approximation of the contrast sensitivity function 16 with the weighted first difference of Gaussians
56 a rest 58 of the contrast sensitivity function 16 is determined by subtracting the signal of the contrast sensitivity
function 16 and the signal of the weighted first difference of Gaussians 56. Again, a maximum of this rest 58 is determined.
As long as the maximum of this rest 58 is greater than a minimum value of the contrast sensitivity function 16, a further
difference of Gaussians DoG is determined. This is carried out in dependency on a further frequency 60, at which the
rest 58 of the contrast sensitivity function 16 has its maximum. This further frequency 60 is also converted from the unit
cpd into the unit cpp. Then, taking into account this further frequency 60, the respective widths S4, S, of further Gaussian
filters are calculated, which are used to form the further differences of Gaussians DoG.

[0075] This method is repeated as shown in Fig. 7. Subsequent to the determination 62 of a maximum of the rest 58
of the contrast sensitivity function 16, in a further step 64 the respective frequency belonging to the maximum of the rest
58 is determined in cpd. Subsequently, the conversion 66 of the frequency into cpp is performed. Then, in a further step
68 the widths Sy, Sycpp Of the further Gaussian filters belonging to the two further Gaussian filters are determined.
[0076] Inanextstep 70itis checked whether by taking into consideration the Gaussian filters related to the respective
widths S4, S, of the respective difference of Gaussians DoG are underrun or reached. For this, values S; and S, have
to be between a minimum and a maximum value S,;, and S,,,, Which corresponding to the conversion of the resolution

of the camera 12, rca,cpg @Nd rCingpgs IN Cycle per degree of a angle of view to cycle per pixel in accordance with :

f cpd ® ‘F:HA.r?cpp

P:M’Awpd

Jom =

[0077] If this is the case, then the widths S4, and S, of the two Gaussian filters are determined in a step 72 for the
formation of a further difference of Gaussians DoG otherwise next maximum of the residue (or rest) is determined in
step 62 and the further steps are applied till S; and S, are between the defined minimum and a maximum value.
[0078] As a minimum number of differences of Gaussians DoG to be taken into account a number of six differences
of Gaussians DoG can be envisaged. Thus it is ensured that over a particularly wide range of the spectrum of the
frequencies of the contrast sensitivity function 16 an approximation of the latter is carried out by means of the weighted
of Gaussians DoG. At the same time the required computing time is comparatively short. If no further difference of
Gaussians has been taken into account, the process is continued with the penultimate maximum of the rest 58.
[0079] Again, weighting factors w are used to weight the further differences of Gaussians DoG, which are determined
as follows:

N Max(residus,x_i (f,-m ))
W Ma(DoG (1))

wherein Max(resdus;_4(f;yax)) corresponds to the maximum of the rest 58 at the further frequency 60 and Max(DoG;(f;,ax))

1"



10

15

20

25

30

35

40

45

50

55

EP 2 747 027 A1

to the maximum of the further difference of Gaussians DoG at this further frequency 60. In a further step 74 according
to fig. 7 the individual differences of Gaussians DoG are thus weighted in order to approximate the respective rest 58
of the contrast sensitivity function 16 in the range of the further frequency 60 belonging to the maximum of the rest 58.
[0080] This process of determining the maximum of the rest 58, of determining the corresponding further frequency
60, of forming the corresponding difference of Gaussians DoG and of again calculating a rest is repeated until the
maximum value of the final rest 58 is smaller than the smallest value of the contrast sensitivity function 16, i.e. a criterion
for stopping has been fulfilled.

[0081] Thus, the individual differences of Gaussians DoG are determined and weighted and from the weighted differ-
ences of Gaussians DoG the sum of the differences of Gaussians Spg is formed. Differences of Gaussians DoG related
to a frequency which is greater than the maximum resolution rc,,cp4 Of the image sensor 38 are not considered.
[0082] The contrast sensitivity function 16 is thus reconstructed by a group, i.e. a sum of weighted differences of
Gaussians SDoG according to the relation:

. [o9,]
SDoG = Zw,. LS 2 Y
pr /i

wherein W; is the weighting factor, G¢4; und G, the individual Gaussian filters used to establish a respective difference
of Gaussians DoG and f; the frequency determined from the maximum of the contrast sensitivity function 16 or of the
rest 58 respectively.

[0083] Fig. 8 illustrates how the contrast sensitivity function 16 is approximated by the group of individual differences
of Gaussians DoG by forming the sum SDoG of the weighted differences of Gaussians DoG as described above. In fig.
8 the individual weighted differences of Gaussians DoG are illustrated by a series of individual curves 76, 56.

[0084] The application of the differences of Gaussians DoG to the image 48 in step 50 is carried out, as illustrated in
fig. 3, after the contrast sensitivity function 16 has been approximated by the sum SDOG of the differences of Gaussians
DoG. Thus, after the individual Gaussian filters of the differences of Gaussians DoG have been determined, each
Gaussian filter is applied to each pixel of the image 48. By repeatedly applying this process to the already filtered
individual image the resulting image 78 is obtained (cf. fig. 3).

[0085] This filtering is repeated as often as corresponds to the number of differences of Gaussians DoG, which have
been used to form the sum SDoG of the differences of Gaussians. Thus, the contrast sensitivity function 16 is modelled
by a sum SDoG of weighted differences of Gaussians, and this group of differences of Gaussians DoG is applied to the
image 48 as a convolution operator. This convolution can be relatively laborious with regard to calculation time, if the
that is the width S4, S, of the respective Gaussian filter to be applied to the image 48 is large.

[0086] Inordertoobtain a calculation time that is independent of the size of the Gaussian filter, instead of the differences
of Gaussians DoG the differences of integral images can be used as filter differences. With the so-called integral images,
the value in a pixel with the coordinates x and y is equal to the sum of all pixels which are located above and left of the
pixel in the original image 48 captured by the camera 12. This is shown on the left in Fig. 9.

[0087] The size of a filter which uses integral images then corresponds to the size of a window R, which is centred in
each pixel of the image 48. With a first integral image a window R, with a size S is used and with the second integral
image a window R, with a size S,. The individual size of the windows R,, R, can be obtained through an inclusion
exclusion procedure according to the equation:

R=D+A-(B+C)

wherein A, B, C and D are the values of the integral image at the coordinates x,, y, of a point A, the coordinates xg, yg
of a point B, the coordinates x¢, y of a point C and the coordinates xp, yp of a point D (see the right figure in fig. 9).
Thus, by selecting different sizes of the windows R, a filter difference can be provided, wherein the sizes S, S, of the
windows R4, R, can be determined, as previously described, dependent on the frequency of the contrast sensitivity
function 16.

[0088] In a pixel with the coordinates x, y the convolution is then performed by means of a filter having the size s by
forming the product of the image with the value of the window R, which is centred in this pixel.

[0089] If the contrast sensitivity function 16 is to be applied to an image transformed into the frequency domain, steps
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40 and 42 in fig. 3 are changed. The convolution is then replaced by a product and the contrast sensitivity function 16
can either be modelled by the filter SDoG in the frequency range, or the contrast sensitivity function 16 is directly
implemented. This may be carried out according to the scheme:

| — FFT (1) — CSF (FFT (1)) — FFT" (CSF(FFT(1))),

wherein | denotes the image captured by the camera 12, FFT a fast Fourier transform and CSF the contrast sensitivity
function 16.

[0090] The resulting image 78 obtained in accordance with the above explanations concerning fig. 3 is used, as
explained below with reference to fig. 10, to determine visibility levels in the resulting image 78.

[0091] For this purpose, contours 80 and/or so-called SIFT points 82 (SIFT = scale-invariant feature transform) are
identified in the image 78. Such image features are after all sufficiently significant in order to be perceived by the human
eye. Image features can also be obtained in the frequencyrange, e.g. by detecting so-called contourlets and/or wedgelets.
[0092] In addition, visibility is determined in the resulting image 78 by determining a gradient in this image 78. The
gradient is obtained in a step 83 fig. 10). In the image 78 the gradient is for example selected in the horizontal and vertical
direction and determined in four directions in each pixel of the image 78. The gradient is then obtained as follows:

[lVll 5;4; 4 6_]/ wherein 0x and oy specify the respective gradient in a horizontal and a vertical direction.

[0093] In a next step 84 a visibility level VL is determined per pixel (i, j). This is performed as follows:

=

VL = Ny Vi
Oraxe | 27

[0094] Thus, for each value of the gradient a value in degrees of the angle of view is determined.

[0095] The determining of the image features, e.g of the contours 80 and/or the SIFT points 82, takes place in a step
86. In order to determine the contours 80 as significant image features, the previously determined gradient can be used.
In this case, the gradient is interpolated between two directions depending on its respective direction. In fig. 11 the values
A, B signify such interpolated values of the gradient. A point is interpreted as a contour, if its gradient is greater than or
equal to the values A, B and if its visibility level is greater than a predetermined threshold. Thus, in the resulting image
78 maxima of the gradients are determined, which are related to the values of the pixels in the area. A pixel is at all
visible only if its visibility level is greater than 1, wherein in a driving situation a threshold of 7 can be given for the visibility
level, particularly in order to take into account the visibility of objects at night. Instead of taking into consideration the
gradient in determining contours 80, the visibility level VL can also be used.

[0096] However, the SIFT points 82 can also be used as significant image features. The determining of SIFT points
82inanimage is described e.g. in the document US 6 711 293 B1. In the present case, this known method of determining
SIFT points 82 is modified. According to the SIFT method a filter pyramid is used, namely a pyramid of differences of
Gaussians DoG, for which in each pyramid level the resolution in an upward direction is reduced by half. One can imagine
these differences of Gaussians DoG as being stacked such that, figuratively speaking, a filter pyramid is established or
created, in which the individual differences of Gaussians DoG represent the pyramid levels.

[0097] Inthe present case, also such a filter pyramid is created, in which the individual differences of Gaussians DoG
are obtained by assigning the same to frequencies of the contrast sensitivity function 16.The frequencies are obtained
starting from a first frequency for as follows:

[0098] The individual frequencies are thus terms of a geometric sequence with the quotient g. In this manner, a filter
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pyramid is created whose individual differences of Gaussians DoG approximate the contrast sensitivity function 16.
[0099] Subsequent to the creation of the filter pyramid, the local maxima of each difference of Gaussians DoG are
obtained by using the visibility. Thus, for each difference of Gaussians DoG of a pyramid level, which is also referred to
as an octave, an image with respective visibility levels VL is created as described above.

[0100] As with the well-known SIFT method, a pixel is compared with its neighbours in the same pyramid level and
with its neighbours in the pyramid level situated above and below, respectively. A pixel is regarded as a SIFT point 82
if its visibility level is greater than 1 and also greater than the visibility level of its 26 neighbours. In addition, an overall
visibility level is determined for a pyramid level.

[0101] Atfter the SIFT points 82 have been identified, each SIFT point 82 is associated with a visibility level present in
this point in the resulting image 78. This assigning of visibility levels to significant image features, in particular to the
SIFT points 82, occurs in a step 88 (see fig. 10). Thus, in a step 90 visible image features are obtained, on the basis of
which a driver’s reaction time can then be estimated.

[0102] As described above, the visibility of objects in the traffic situation as it appears to the driver of the vehicle
equipped with the camera 12 can be estimated in real time through image processing in which the human visual system
is taken into account by simulating the contrast sensitivity function 16. Thus, the actual Visibility of objects in the image
48 for the human visual system is inferred from the image 48 captured by the camera 12.

[0103] This can be used, for example, in order to illustrate visually, e.g. by means of the map 34 (see fig. 1), the
differences of the lighting systems in terms of the visibility of objects in the surroundings of the vehicle. For this purpose,
a firstimage is captured with a certain headlight arrangement and with a further headlight arrangement a second image
of the road scene of interest is captured. From the respectively captured and processed images, two images or maps
34 with (for example) visible contours of objects are obtained. If these two maps 34 are then superimposed, the quality
ofthe headlightarrangements can be compared. Besides, is possible to gain an impression of which objects are sufficiently
visible for the driver.

[0104] Furthermore, visible points of interest can be considered in two successively captured images of a video
recording of a road scene. Assuming flat surroundings, from these points a subgroup is selected which is part of the
road surface, Based on an aggregation of these points a range of vision can then be determined for the moving vehicle
as it is perceived by the driver. These visible points of interest can contribute to determine distance of visibility as it
corresponds to the actual perceptibility by the driver with his visual system.

Claims

1. Method for determining the visibility of objects in a field of view of a driver of a vehicle, in which an image (48) is
captured by means of a camera (12) and by means of image processing of the image (48) captured by the camera
(12) a contrast sensitivity function (16) describing the human visual system is simulated, which indicates threshold
values of a contrast perceptible by the human visual system in dependence on frequencies (52, 60), wherein a
respective frequency (52, 60) indicates a number of alternations (20) of light and dark areas (22, 24) related so an
angle unit of the field of view, wherein the contrast sensitivity function (16) is approximated by applying a plurality
of differences of filters (56, 76) to the image (48) captured by the camera (12), wherein the differences of filters (56,
76) are assigned to different frequencies (52, 60) of the contrast sensitivity function (16),
characterized in that
a frequency (52) of the contrast sensitivity function (16) corresponding to a maximum of the contrast sensitivity
function (16) is determined, wherein a first of the differences of filters (56) is determined depending on the frequency
(52) corresponding to the maximum, and wherein depending on at least said first difference of filters (56) the visibility
of an object in the field of view of the driver is determined.

2. Method according to claim 1,
characterized in that
the contrast sensitivity function (16) is approximated by applying a plurality of differences of Gaussians (56, 76) to
the image (48) captured by the camera (12).

3. Method according to claim 1 or 2,
characterized in that
the first difference of filters (56) is weighted, in particular in consideration of the maximum of the contrast sensitivity
function (16) and of a maximum of the first difference of filters, in order to approximate the contrast sensitivity function
(16) in the region of the maximum.

4. Method according to claim 3,

14



10

15

20

25

30

35

40

45

50

55

10.

1.

12.

13.

EP 2 747 027 A1

characterized in that

a rest (58) of the contrast sensitivity function (16) is determined by subtracting the weighted difference of filters (56)
from the contrast sensitivity function (16), wherein a further frequency (60) of the contrast sensitivity function (16)
corresponding with a maximum of the rest (58) is determined and at least a further of the differences of filters (76)
is determined in dependence on the further frequency (60).

Method according to claim 4,

characterized in that

the at least one further difference of filters (76) is weighted, in particular in consideration of the maximum of the rest
(58) and of a maximum of the further difference of filters, in order to approximate the contrast sensitivity function
(16) in the region of the maximum of the rest (58).

Method according to any one of claims 3 to 5,

characterized in that

the contrast sensitivity function (16) is approximated by applying a sum of the weighted difference of filters (56, 76)
to the image (48) captured by the camera (12).

Method according to any one of claims 1 to 6,

characterized in that

in a resulting image (78) obtained by applying the differences of filters (56, 76) to the image (48) captured by the
camera (12) visibility levels are determined by determining a gradient of the contrast per pixel of the resulting image
(78) relative to adjacent pixels, wherein an angle of view (6,,ax) Of the camera (12) is taken into account.

Method according to any one of claims 1 to 7,

characterized in that

in a resulting image (78) obtained by applying the differences of filters (56, 76) to the image (48) captured by the
camera (12) contours (80) and/or image points (82) obtained by means of scale-invariant feature transform are
determined as image features.

Method according to claim 8,

characterized in that

by the scale-invariant feature transform a pyramid of differences of filters is created, wherein the differences of filters
assigned to an individual pyramid level correspond to different frequencies of the contrast sensitivity function (16)
each, which are determined as terms of a geometric sequence.

Method according to claim 9,

characterized in that

in each pyramid level local maxima of visibility levels of the pixels are determined relative to pixels adjacent to the
respective pixel, in particular within the pyramid level of the respective pixel and within at least one neighbouring
pyramid level.

Method according to any one of claims 8 to 10,

characterized in that

visibility levels are attributed to the pixels (82) obtained by scale-invariant feature transform, in the determining of
which a gradient of a contrast in a particular pixel of the image (78) obtained by applying the differences of filters
(56, 76) to the image (48) captured by the camera (12) relative to adjacent pixels and an angle of view (6,,1a,) Of
the camera (12) are taken into consideration.

Method according to any one of claims 1 to 11,

characterized in that

visibility levels of pixels in a resulting image (78) obtained by applying the differences of filters (56, 76) to the image
(48) captured by the camera (12) are determined dependent on a specific contrast sensitivity function (16) which
indicates a typified visual perception of the driver.

Method according to any one of claims 1 to 12,

characterized in that

depending on the visibility of the objects in the field of view of the driver a reaction time of the driver is determined
and dependent on the determined reaction time at least one functional unit of the vehicle is operated.
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14. Driver assistance system for a vehicle, wherein the driver assistance system is configured to perform a method
according to any one of the preceding claims.

15. Motor vehicle having a driver assistance system according to claim 14.

16
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